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1

METHOD OF FORMING AN OXIDE
SUPERCONDUCTOR/SEMICONDUCTOR
JUNCTION

This 1s a continuation of application Ser. No.
07/532,2035, filed Jun. 1, 1990, now abandoned.

BACKGROUND OF THE INVENTION

This 1nvention concerns a method of forming an
oxide superconductor/semiconductor junction, and in
particular, a method of forming an oxide superconduc-
tor/semiconductor junction wherein one of the constit-
uent elements of the oxide superconductor is bismuth
(referred to hereafter as Bi) or thallium (referred to
hereafter as Tl), and the semiconductor is an elemental
semiconductor or a Group III-V or Group II-VI com-
pound semiconductor.

Conventionally, thin films of high temperature oxide
superconductors such as Y;BarCuiOy, Bix(Sr, Ca)s.
Cux0,, or Tl(Ba, Ca)iCu0; were formed on a sub-
strate such as silicon (Si) by first forming a buffer layer
of a substance such as MgO, ZrO». or BaTiO; (or SrTi-

O3)/MgAl1>0O40n a Si substrate, and then growing a thin

film of the oxide superconductor on the buffer layer.
Methods where MgO or ZrO; are used as the buffer
layer are disclosed, for example, in the following refer-
eNnces:
Reference 1: Japanese Journal of Applied Physics, 27
[8] (August 1988), p. L1524-1526.

Reference 2: Appl. Phys. Lett.: American Institute of

Physics, 52 [24] (Jun. 13, 1988), p. 2068-2070.

A method where BaTiO; (or SrTiO3)/MgAl Oy is
used as said buffer layer is disclosed in the following
reference:

Reference 3: Appl. Phys. Lett.: American Institute of

Physics, 53 [20] (Nov. 14, 198R), p. 1967-1969.

In addition to these methods where a junction be-
tween a high temperature oxide superconductor and a
semiconductor 1s made using a suitable buffer layer, the
oxide superconductor may be deposited directly on the
S1 or other substrate as disclosed in Reference 4.

Reference 4: Japanese Journal of Applied Physics, 27
[12 ] (December 1988), p. 1.2442-2444.

The technmque described in this reference is known as
laser ablation vapor deposition. It consists of heating
and evaporating the bulk oxide superconductor by for
example an eximer laser in order to deposit it on the Si
or other substrate.

The conventional methods of forming an oxide super-
conductor/semiconductor junction by means of a buffer
layer as described in references 1, 2 and 3, were effec-
tive 1n devices where the thin film of oxide supercon-
ductor was used as a superconductor, but they could
not be apphied 1n techniques where the interface with
the elemental or compound semiconductor was used, as
for example in complex superconductor/semiconductor
devices such as the superconductor-base transistor dis-
closed 1n Japanese Patent Application No. 63-132850
proposed by the applicant of this application. Further,
in the laser ablation vapor deposition method described
in Reference 4, a bulk material of oxide superconductor
1s heated and vaporized by the laser. It is thus impossi-
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ble to impose any conditions on the arrangement of 65

atoms at the interface, and this method cannot therefore
be applied to devices, such as for example the above-
mentioned complex superconductor/semiconductor
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devices, which make use of the superconductor/semi-
conductor interface.

In summary, according to the prior art, when a thin
superconducting film was formed by conventional tech-
niques, Si reacted with the elements of the supercon-
ductor composition at the interface so that the proper-
ties of the film deteriorated, and due to reactions at the
interface, the boundary became indistinct. In particular,
an element such as Si which is easily oxidized reacted
with the oxygen in the high-temperature oxide super-
conductor when and after the thin film is formed. In
other words, as thin films of conventional superconduc-
tors were formed by methods such as sputtering, it was
impossible to form a junction on a substrate of an ele-
mental semiconductor or a semiconductor of a Group
III-V or Group II-VI compound with a satisfactory

interface. It was thus not possible to form junctions in
superconductor transistors or the like.

SUMMARY OF THE INVENTION

This invention was conceived to overcome the above
disadvantages. It aims to provide a method of forming
an oxide superconductor/semiconductor junction
wherein, during or after the formation of a thin film of
high-temperature oxide superconductor containing Bi
or T1upon a substrate of an elemental semiconductor or
a Group HI-V or Group II-VI compound semiconduc-
tor, reactions do not occur at the junction interface and
the order of magnitude of the number of atoms in the
interface can be strictly controlled. This makes it possi-
ble to torm, for example, a superconductor-base transis-
tor.

In the method of forming an oxide superconductor/-
semiconductor junction of this invention, in the forma-
tion of a junction between a high-temperature oxide
superconductor containing Bi or T} and an elemental
semiconductor or a Group III-V or Group II-VI com-
pound semiconductor, Ag (silver) is first vapor-depos-
ited on the semiconductor surface to a thickness of no
more than 3 atoms (about 5 X 101° atoms/cm?), followed
by vapor deposition of Bi or Tl also to a thickness of no
more than 3 atoms (about 5Xx10!° atoms/cm?). The
resulting double layer which is no more than 6 atoms
thick 1s then heated so as to cover the semiconductor
surface with a layer of regular arrangement of the Ag
and Bi1or Ag and Tl atoms, and the oxide superconduc-
tor contamning Bi or Tl is then grown on this layer to a
specified thickness to form an oxide superconductor/-
semiconductor junction.

In this invention, layers comprising no more than 3
atoms deep of Ag and no more than 3 atoms deep of Bi
or T1, which 1s one of the principal components of an
oxide superconductor, are formed on a semiconductor
surface in the order Ag followed by Bi or TI, and is then
subjected to heat treatment. After the heat-treatment, a
thin film of the oxide superconductor is grown. It is thus
possible to strictly control the interface between super-
conductor and semiconductor at the atomic level.
Atomic layers containing a regular arrangement of
AgBior AgTl are obtained at this interface, and a junc-
tion 1s formed with the layers having regularly arranged
atoms. Experiments on the 1-V characteristics of the
semiconductor and thin film of oxide superconductor
also confirm the formation of a Schottky junction. If
semiconductors with a high impurity concentration are
used, therefore, an ohmic junction with low contact
resistance can be formed. |
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of a junction-form-
Ing apparatus required to form an oxide superconduc-
tor/semiconductor junction in one embodiment of this
Invention.

FI1G. 2A to FIG. 2C are schematic sectional views
showing the vapor deposition process of Ag and Bi on
a Si substrate, and the regular arrangement that is ob-
tained after heat treatment.

FIG. 2A 1s a schematic view of vapor-deposited Ag
formed on a Si substrate.

FIG. 2B 1s a schematic view of vapor-deposited Bi
formed on vapor-deposited Ag.

FIG. 2C is a schematic view of the regular arrange-
ment of Ag atoms and Bi1 atoms obtained after heat
treatment of the structure of FIG. 2B.

FI1G. 3 1s a characteristic graph showing the resistivi-
ty-temperature dependence of the Bi typs ~ide super-
conducting film obtained in this embodin:

FI1G. 4 15 a graph showing the I-V characteristics of
the Si substrate and superconducting film obtained in
this embodiment.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Embodiments of this invention will now be described
with reference to the drawings.

FIG. 1 1s a schematic drawing of a junction forming
apparatus to form an oxide superconductor/semicon-
ductor junction in one embodiment of this invention. In
the FIG.. 11s a growth chamber. 2 i1s a gate valve for
evacuation of chamber 1, and 3 i1s an evacuation system
for evacuating chamber 1 when gate valve 2 is opened.
4 15 a semiconductor substrate on which a junction 1s to
be formed, and 5 i1s a susceptor contaming a heating
means (e.g. a heater). 6 1s a nozzle installed from the
outside of growth chamber 1 which projects into the
interior of the chamber 1 near semiconductor substrate
4, 715 a valve installed on nozzle 6, and 8 denotes source
gases containing component elements of the oxide su-
perconductor to be grown on semiconductor substrate
4. When the film 1s grown. source gases 8 are blown into
chamber 1 from nozzle 6 through valve 7, and the pres-
sure of source gases 8 1s increased locally in the vicinity
of the surface of semiconductor substrate 4. Source
gases 8 may be introduced independently into chamber
1 from a number of different gas cylinders as required
which are not shown in the drawing.

16-20 are Knudsen Cells (abbreviated hereafter as K
cells) which evaporate metal elements to be used as
components of the junction or oxide superconductor,
and deposit them on semiconductor substrate 4, but the
heating system 1s not shown for the sake of simphcity. If
a B type oxide superconductor/semiconductor junc-
tion 1s to be formed, 16 1s a Bi K cell, 17 1s a St K cell,
181sa Ag K cell, 191sa Ca K cell, and 2015 a Cu K cell.
In the case of a T1 type oxide superconductor, on the
other hand, 16 1s a T1 K cell, and 17 1s a Ba K cell.
Further, if other elements such as Pb are to be added,
the number of K cells may be increased according to the
desired objective. Further, 24-28 are beam shutters for
K cells 16-20, respectively. During the growth of the
oxide superconductor film. O3, N-O, O;zor activated O»
are supphied from nozzle 6. 21 1sa RHEED (Retlection
High-Energyv Electron Diffraction) electron gun to
investigate the crystalline nature of the film formed on
the surface of semiconductor substrate 4, and 22 is a
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diffraction pattern observation window. Further, 23 1s
an Auger analyzer which uses high speed electrons as a
probe 1n order to quantitatively measure the amount of
vapor-deposition for the formation of the film of the the
order of atoms deposited for making a junction on the
semiconductor substrate.

The procedure of formation of an oxide superconduc-
tor/semiconductor junction will now be described tak-
Ing as an example the case of a combination of a Si
substrate with a Bi1-Sr-Ca-Cu-O type superconductor.
Firstly, a Si substrate 4 which has been thoroughly
cleaned and subjected to surface etching 1s installed on
susceptor 3, and the chamber 1s evacuated to a very
high vacuum of about 10—1!! Torr by evacuation system
3. Si substrate 4 is then heated to 1100° C. or more by
the heating system of susceptor § to remove oxides from
its surface, and after cooling to room temperature, the
Auger analyzer 23 and RHEED 21 are used to venfy
that its surface is clean in terms of the order of magni-
tude of numbers of atoms. If the surface 1s thoroughly
clean, the output of the Auger analyzer will show no
peaks apart from that of Si, and the RHEED reflection
diffraction pattern obtained through the observation
window 22 will be a (2 X 1) structural pattern for a Si
(100) substrate.

Next, beam shutter 26 1s opened, after the Ag K cell
18 has been heated so that Ag atoms are vaporized and
sprayed onto Si substrate 4, which has a clean surface
prepared as described above, so as to deposit Ag in an
amount no more than that corresponding to a layer of 3
atoms thickness (about 5 10!1% atoms/cm-?). Beam shut-
ter 26 1s then closed. It 1s desirable that the pressure in
growth chamber 1 during the deposition is no greater
than 10— 19 Torr. The amount of deposition is measured
by Auger analyzer 23.

Beam shutter 24 is opened, after Bi K cell 16 has been
heated, so that Bi1 1s deposited in an amount no more
than that corresponding to a layer of 3 atoms thickness
(about 5 1013 atoms/cm?), on the laver of Ag having a
thickness of no more than 3 atoms. Beam shutter 24 1s
then closed. In this process also, 1t 1s desirable that the
pressure in growth chamber 1 i1s no greater than 10—10
Torr, and the amount of deposit is measured by Auger
analyvzer 23. Atfter depositing a double layer of no more
than 6 atoms thickness comprising no more than 3 atoms
thickness of Ag and Bi respectively, the temperature of
S1 substrate 4 1s raised to 500°-600° C., preferably
500°-550" C., and 1s maintained at such a raised temper-
ature for about 25 minutes, while observing the
RHEED pattern through observation window 22. The
pattern suddenly becomes clear, and the vapor-depos-
ited Ag and Bi1 adsorbed on the surface of Si substrate 4
appear to rearrange as if they had crystallized.

FI1G. 215 a schematic sectional view of the process of
vapor deposition of Ag and Bi atoms on the Si substrate
and the regular arrangement that 1s obtained after heat
treatment. The amounts of both Ag and Bi atoms are
each equivalent to a layer of no more than 3 atoms
thickness which corresponds to a deposit of no more
than about 5 1015 atoms/cm?. In FIG. 2, Si substrate 4
of which the surface has been cleaned in the initial
cleaning process (see FIG. 1) is indicated as Si substrate
31. FI1G. 2A 1s a schematic view of the case where a
deposit of Ag 32 1s formed on Si substrate 31 to a thick-
ness of no more than 3 atoms. FIG. 2B is a schematic
view of the case where a deposit of Br 33 1s formed on
the Ag deposit 32 in FIG. 2A to a thickness of no more
than 3 atoms. FIG. 2C shows the regular arrangement
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of Ag atoms 34 and Bi atoms 35 on Si substrate 31 that
1s obtained by heating to 500°-550° C. as described in
this embodiment.

When the RHEED diffraction patterns were ob-
served through observation window 22, the Ag and
Ag/Bi atomic layers shown in FIGS. 2A and 2B were
found to be polycrystalline (giving a weak diffraction
pattern) or amorphous {giving no diffraction pattern).
In comparison, the material subjected to heat treatment
to produce the state shown in FIG. 2C gave a strong
RHEED diffraction pattern. This confirmed that the
surface of Si substrate 31 was completely covered with
a regular arrangement of Ag atoms 34 and Bi atoms 35.

The method of forming an oxide superconductor
layer will next be described. A Bi type oxide supercon-
ductor 1s formed to a desired thickness on Si substrate
31 in the state shown in FI1G. 2C. The procedure for this
formation will be explained.

Firstly, the temperature of Si substrate 31 is set to
500°-550° C., the Bi, Sr, Ca and Cu K cells 16, 17, 19
and 20 are heated to the specified temperature, O3 gas 1s
blown onto Si substrate 31 (semiconductor substrate 4
in FIG. 1) from nozzle 6, the beam shutters 24, 25, 27
and 28 are opened, and atomic beams of the respective
elements are vapor-deposited on Si substrate 31 simulta-
neously to grow a Bi type oxide superconductor not
shown in the figure. When the oxide layer has reached
the desired thickness, the beam shutters are closed, and
the heating of Si substrate 31 is stopped. The supply of
O3 gas from nozzle 6 is continued until the substrate
temperature falls below 200° C. When it has reached
room temperature, the supply of O3 gas is stopped and
the Si substrate 31 is removed from growth chamber 1.
A thin film of a Bi type oxide superconductor is thereby
formed on Si substrate 31 with the AgBi (or AgTl)
layer, and the formation of the oxide superconductor/-
semiconductor junction of this invention 1s complete.

The formation of a junction between a Tl type oxide
superconductor and semiconductor is achieved, as
shown 1n the description of the apparatus of FIG. 1, by
substituting the Bi of K cell 16 with T, and substituting
the Sr of K cell 17 with Ba.

In the above embodiment, the case where a Si sub-
strate 1s used for semiconductor substrate 4 was de-
scribed. There is however no reason why other semi-
conductors cannot be used, 1.e. elemental semiconduc-
tors such as Ge, or Group III-V compound semicon-
ductors and Group II-VI compound semiconductors,
and In these cases an oxide superconductor/semicon-
ductor junction is formed which is similar to that in the
above embodiment.

As explained in this embodiment, the oxide supercon-
ductor/semiconductor junction is formed by vapor
deposition in which the order of magnitude of the num-
bers of atoms is controlled. It will therefore be under-
stood that an essential condition for the success of the
technique 1s that the pressure in chamber 1 where the
junction is grown must be a very high vacuum such that
the rate of deposition of the metal atoms used is suffi-
ciently higher than the rate of adsorption of residual gas
in the vacuum system.

The superconducting properties of the oxide super-
conductor, and the contact properties of the oxide
superconductor/semiconductor junction, obtained by
the junction-forming technique of this invention will
next be described.

FIG. 3 1s a graph of the temperature dependence of
the resistivity of a Bi-Sr-Cu-O type superconducting
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thin film with an oxide superconductor/semiconductor
junction formed as in the above embodiment. The hori-
zontal axis shows temperature [K1, and the vertical axis
1s resistivity In arbitrary units (p=.cm). As can be seen
from FIG. 3, the temperature at which the resistivity
changes abruptly and the critical temperature at which
the resistivity 1s zero practically coincide with one an-
other. This shows that a thin film of an excellent oxide
high-temperature superconductor was obtained.

FIG. 4 1s a graph showing the I-V characteristics of a
thin film of Bi type oxide high-temperature supercon-
ductor on a Si substrate formed as in the above embodi-
ment of this invention. In the figure, the horizontal axis
1s voltage and the vertical axis is current, both in arbi-
trary units. As can be seen from the figure, the current
increases rapidly, and this indicates extremely good
Schottky characteristics. If an oxide superconductor/-
semiconductor junction i1s formed as in this invention
using a S1 substrate with a high concentration of impuri-
ties, good ohmic properties are obtained, and it will
therefore prove extremely useful in application devices
(in which the superconductor is employed) such as
superconguctor-base transistors.

According to this invention, in the formation of a Bi
or Tl type oxide superconductor/semiconductor junc-
tion, a film of an oxide superconductor is grown on a
semiconductor surface via a very thin film comprising a
layer of AgBi or AgT!l controlled at the atomic level.
An oxide superconductor/semiconductor junction with
excellent properties 1s thereby formed. Junctions
formed by conventional techniques were always associ-
ated with problems such as large current leak and dete-
rioration of interface properties, and this made them
very difficult to incorporate in complex semiconduc-
tor/superconductor devices, but the application of this
junction-forming technique vastly improves their char-
acteristics.

What i1s claimed is:

1. A method of forming an oxide superconductor/-
semiconductor comprising bismuth or thallium junction
between an oxide superconductor comprising bismuth
or thalllum and a semiconductor containing bismuth or
thalllum, comprising the steps of:

forming an atomic layer of silver of no more than 3

atoms thickness by vapor deposition of silver on
the surface of said semiconductor;

forming an atomic layer of bismuth or thallium of no

more than 3 atoms thickness by vapor deposition of
bismuth or thallium on said silver layer;

heating the double atomic layer consisting of said

silver and bismuth or of said silver and thallium to
form a layer wherein the atoms of said silver and
bismuth or silver and thallium are arranged regu-
larly on the surface of said semiconductor; and
forming said oxide superconductor to a specified
thickness on said regularly arranged layer.

2. A method according to claim 1, wherein said semi-
conductor 1s silicon.

3. A method according to claim 1, wherein the depo-
sition of silver 1s made at a pressure not greater than
10— 19 Torr.

4. A method according to claim 1. wherein the depo-
sition of bismuth or thallium is made at a pressure not
greater than 10— 10 Torr.

5. A method according to claim 1, wherein the tem-
perature of said heating 1s about 500° to 550° C.
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6. A method according to claim 5, wherein during
said heating the temperature 1s maintained at 500° to
550° C. for about 25 minutes.

7. A method of forming an oxide superconductor/-
semiconductor junction between an oxide superconduc-
tor containing bismuth or thallium and a semiconductor
substrate, comprising the steps of:

forming an atomic layer of silver while controlling

the thickness thereof to be no more than three
atoms, including vapor depositing silver on a sur-
face of the semiconductor substrate;

forming an atomic layer of bismuth or thallium while

controlling the thickness thereof to be no more
than three atoms, including vapor depositing bis-
muth or thallium upon said atomic layer of silver;
then

rearranging said atom layers to form a composite

layer therefrom; and

forming an oxide superconductor upon said compos-

ite layer.

8. The method of claim 7 wherein said rearranging
step comprises heating said layers until said atoms are
arranged regularly.

9. The method of claim 7 wherein said rearranging
step comprises heating said layers, observing an election
diffraction pattern from said layers, and stopping said
heating after said diffraction pattern appears as though
said atom layers had recrystallized.

10. The method of claim 7 wherein said thickness of
silver 1s 3 atoms.

11. The method of claim 7 wherein said thickness of
bismuth or thallium 15 3 atoms.

12. The method of claim 9 wherein said thickness of
both atomic layers are each 3 atoms thick.

13. The method of claim 9 further comprising evacu-
ating a chamber containing said substrate and perform-
ing all of said steps in said evacuated chamber.

14. The method of claim 13 further comprising re-
moving oxides from the substrate surface while said
substrate is in said evacuated chamber, prior to said
forming steps.

15. A method of forming an oxide superconductor/-
semiconductor junction between an oxide superconduc-
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tor comprising bismuth or thallium and a semiconduc-
tor comprising the steps of:

forming a first atomic layer of silver of no more than

3 atoms thickness by vapor deposition of silver on
the surface of said semiconductor:

forming a second atomic layer of bismuth or thallium

by vapor deposition of bismuth or thallium on said
silver layer:;

heating the first and second atomic layers to form a

layer wherein the atoms of said silver and bismuth
or said silver and thallium are arranged regularly
on the surface of said semiconductor; and
forming said oxide superconductor to a specified
thickness on said regularly arranged layer.
16. The method of claim 18 wherein said semiconduc-
tor comprises sthicon.
17. The method of claim 15 wherein said vapor depo-
sition of silver occurs at a pressure not greater than
10—10 Torr.
18. The method of claim 15 further comprising depos-
iting a layer of bismuth or thallium at a pressure not
greater than 10~ 10 Torr.
19. The method of claim 1§ wherein said heating step
occurs at a temperature of about 500" to 5507 C.
20. The method of claim 19 wherein said heating at
sald temperature occurs for a duration of about 25 min-
utes.
21. A method of forming an oxide superconductor/-
semiconductor junction between an oxide superconduc-
tor comprising bismuth or thallium and a semiconduc-
tor comprising the steps of:
forming a first atomic layer of silver by vapor deposi-
tion of silver on the surface of said semiconductor;

forming a second atomic layer of bismuth or thallium
by vapor deposition of bismuth or thallium on said
silver layer;

heating the first and second atomic layers including

sald silver and bismuth or said silver and thallium
to form a layer wherein the atoms of said stlver and
bismuth or said silver and thallium are arranged
regularly on the surface of said semiconductor; and
forming said oxide superconductor to a specified
thickness on said regularly arranged layer.
22. A method according to claim 21 wheremn said

semiconductor is silicon.

¥ * ¥. ¥.
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-=-RESISTIVITY--.

IN THE ABSTRACT:

| Lines 2-3, delete "an oxide superconductor and a
'semiconductor containing bismuth or thallium" and insert --an
oxlde superconductor containing bismuth or thallium and a
semiconductor--.

Column 6, line 41, delete "comprising bismuth or thallium";

Column 6, lines 43 and 44, delete "containing bismuth or

thallium."
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